This paper discusses structure and functionalities of a knowledge-based engineering (KBE) application, called multimodel generator (MMG), developed to support aircraft multidisciplinary design, analysis, and optimization. Designers can use the MMG as an advanced modelling tool to swiftly generate geometrical models of many and diverse aircraft configurations and variants, by combining and adjusting a limited number of parametric objects, called high-level primitives. Besides capturing the geometric aspects of the design, the MMG also has the capabilities to automate a large part of the lengthy and non-creative pre-processing activities involved in the design verification process. The proposed KBE application has demonstrated to be a valuable solution for some of the critical needs indicated by the multidisciplinary design and optimization community, namely a flexible and robust generative tool to increase the level of automation in aircraft design, including the development of novel configurations; the exploitation of high-fidelity analytical tools already in the early design phase; the management of the design activities across distributed networks of disciplines specialists.
INTRODUCTION
Despite the great advances in computer technology and the continuously increasing capabilities of computer-aided engineering tools, innovation in aircraft design is actually restrained by the lack of fully adequate design methodologies [1] . Improved design approaches and supporting design technologies are required to keep enhancing the design of the current aircraft configurations, as well as to investigate novel air vehicle concepts, such as blended wing bodies and box wing configurations [2, 3] . The ACARE Strategic Research Agenda [4] envisions a future scenario, where in the next 20 years aircraft will differ from those of today, as much as the latter differ from those of the 1930s. How this can happen in the rather conservative civil aviation sector is very difficult to imagine. First, new design technologies have to be developed aiming at lowering the risk associated with the development of new and unconventional configuration. Indeed, before committing to any radical innovation, there is a need to generate an adequate knowledge of new concepts by means of detailed multidisciplinary analysis and simulations. Because of the much stronger and not always evident disciplines coupling featured by highly integrated vehicles [5] such as blended wing body and box wing aircraft, and the lack of reference and statistical data, conventional design methods soon reveal inadequate at exploiting the strength of those configurations. Disciplines as control and aeroelasticity, for instance, can also have such a large impact on the design that needs to be addressed much earlier than in the conventional aircraft design process.
In this sense, multidisciplinary design and optimization (MDO) approach seems to be the most promising so far. However, after 15-20 years of development of tools and methodologies for an effective, efficient, and systematic exploration of the design space [6, 7] , a large-scale exploitation of MDO at industry level is not yet a reality. Many are still the barriers, not only of technical nature, that are constraining MDO application to limited cases [8] [9] [10] . The concepts of lean engineering, originated in the area of production and manufacturing, need to be adopted also in the design process, where there is still a large unbalance (in the order of 20:80 per cent) between the time dedicated to a creative work and that consumed by the lengthy and repetitive activities associated with data and model processing. In order to exploit such a discipline as MDO, which by definition requires many iterations of (re)design and analysis processes, improving the level of automation is a fundamental goal.
According to the authors, knowledge-based engineering (KBE) technology has the potential to address exactly the above-mentioned criticalities. As more extensively elaborated in references [11] to [15] , KBE can be defined as a technology that allows capturing product and process multidisciplinary knowledge by means of integrated software applications that can automate the repetitive design activities, thereby reducing engineering design time and cost. Actually, within the large aircraft companies, such as Boeing, Lockheed Martin, and Airbus, KBE is already a mainstream technology since years. However, so far, its application has taken place mostly in the detail design phase of structural components and subsystems [16] . On the other hand, this paper discusses the possible benefits of KBE when used also during the conceptual and preliminary aircraft design phases, when the vehicle configuration is not frozen and still influenced by all the disciplines. This paper is structured as follows: section 2 provides a critical analysis of designers' needs, including those specifically indicated by the community of MDO specialists. Section 3, which is the core of the paper, is dedicated to the description of the multimodel generator (MMG), a KBE application developed at Delft University of Technology, to support MDO of an aircraft. The working principle of the MMG, its modular structure, capabilities, and functionalities are discussed in this section. Section 4 presents an application that demonstrates the enabling function of the MMG within a complex, distributed MDO framework. Some conclusions are drawn in section 5.
MODELLING CHALLENGES IN ENGINEERING DESIGN
During the conceptual and preliminary design phases of aircraft (or any other hardware of similar complexity), designers need tools (1) to facilitate the instantiation of their ideas and creative insight and (2) to analyse and evaluate the quality and performance of such ideas. Concerning the first need, CAD systems are by far the most widespread tools at date. However, despite their indisputable impact on the overall design process, they are not capable, by their nature, of supporting a true conceptual design approach. Designers think in terms of functions rather than low level geometric primitives like points, curves and solids, as typically offered by a general purpose CAD system. When designing an aircraft, designers are actively busy considering and rearranging possible solutions to fulfil a number of functionalities, such as storing payload, generating lift, provide control, etc. For this purpose, some kind of high-level design objects (rather than the CAD primitives) would be preferable to accelerate the transition of a given aircraft concept from the designer's head to a (geometrical) model that can be communicated. Ideally, these high-level design objects should be capable of supporting designers also during the analysis phase of any conceived design, when the generation of dedicated models for many and diverse analytical tools is required. In addition, CAD primitives can provide a limited support in this respect such that the models' pre-processing burden is generally left to the patience and dedication of designers and analysts.
Indeed, the multidisciplinary modelling capability is one of the most critical aspects in the development of an advanced MDO framework. In this respect, a number of challenges have been identified.
Dedicated models must be generated both for
low-and high-fidelity analytical tools. The latter, in particular, are the most critical and difficult to automate, whereas their use is essential in view of lowering the risk associated with the development of novel aircraft concepts. 2. Models must be generated both for commercial of-the-shelf (COTS) and in-house-developed analytical tools to enhance the flexibility of the MDO system. The latter are often preferred by specialists because of confidence and computation performance, but they might lack in term of preprocessing and interfacing capability. 3. To support the iterative nature of the MDO design, models should be generated on the fly, hands off, and be accessible in remote both to human operators and/or software tools for optimization. This is an operational prerequisite to any distributed MDO framework. 4. In spite of their diversity and specificity, all the disciplinary models should represent different views on the same product definition. Hence, they should be consistent, coherent, and synchronized.
The need of higher level design objects than those provided by conventional CAD systems, together with the above-mentioned modelling challenges, represents the use cases for the development of the MMG, an advanced aircraft modelling system developed at TU Delft to support the distributed MDO.
THE AIRCRAFT MMG: WORKING PRINCIPLES, INTERNAL STRUCTURE, AND FUNCTIONALITY
The higher level design objects envisioned in section 2 represent the fundamental concepts at the basis of the MMG. In fact, the MMG provides designers with a suite of parametric functional objects, the so called high-level primitives (HLPs), which can be adjusted and assembled to build up an extremely large number of aircraft configurations, including novel air vehicle concepts, and an infinite amount of variants. See the concept illustrated in Fig. 1 (see sections 3.1 and 3.2 for detail). Furthermore, a number of so-called capabilities modules (CMs) has been defined, where the engineering knowledge to process the HLPs geometry into suitable models/formats for various analytical tools has been captured for systematic reuse (see section 3.3 for detail). The MMG has been developed using a commercial KBE system. Considering the 'high concentration' of ingredients such as geometry manipulation, generative modelling, capturing, and reuse of engineering knowledge, KBE appeared to be just the most suitable technology at hand [11] [12] [13] [14] [15] .
The HLPs modelling approach: capturing product similarities
Although a traditional airliner and a blended wing body (BWB) aircraft appear to have a very different configuration, they both feature similar components, which embody given functionalities like generating lift, supplying thrust, and accommodating payload. Although these components have a different shape and are combined in different topological configurations, it is still possible to spot the recurrent presence of wing-like elements, fuselage sections, engines and connection parts, as shown in Fig. 1 . For each of these four entities, a so-called HLP has been implemented in the KBE system. Using the supplied LISP-based object-oriented language, each HLP has been defined as a class (see more in section 3.3). When a set of parameter values are provided to the given class, a unique instantiation is dynamically generated. Eventually, the HLPs can be considered as a kind of rubber LEGO ® blocks, which can individually be morphed due to their parametric definition and assembled to build-up a potentially infinite range of different aircraft configurations and variants. Indeed, the parameters used to define the various HLPs represent the actual degrees of freedom of the HLP and determine the typicality range of the specific instantiations that can be generated [17] . The current engine HLP definition is suitable for podded engine configurations. Modelling capabilities for internal intakes have not been developed yet.
Definition of the aircraft outer shape
The surfaces of the various aircraft shown in Fig. 1 have been generated using a different number of HLPs' instantiations and assigning different values to the parameters that specify their external shape. Examples of shape parameters are the span and chords' length, the sweep and twist angles, and the number, location, and type of airfoils. All the parameter values are exposed in the MMG input file, which can be edited either manually by the designer or, automatically, by some other software tool.
The airfoils can be selected among those available in a predefined but extensible library of data files, where they are represented as sets of two-dimensional Cartesian coordinates. The MMG opens and reads the selected data files, fits the various airfoil curves through the point-sets, and finally scales and positions them according to the specified wing geometry. Finally, a smooth surface is generated by lofting across the set of generated wing sections. Curved leading and trailing edge curves are possible. At least one root and one tip airfoil must be defined, although the amount of different airfoils that can be used to generate a wing-trunk surface is unlimited. When more than two airfoils are used, the lofting process will deliver a double-curvature surface. A similar approach has been implemented for the definition of the outer surface of the fuselage HLP [18] . The implemented approach for defining airfoils (and surface construction curves in general) is simple but effective in the way it supports the common conceptual and preliminary design practice. The user can add new airfoil data files (or fuselage cross and longitudinal sections) to the library without the need to modify any bit of the MMG code. However, it is recognized that an analytical definition of airfoils and surfaces, such as those based on Bernstein and Chebyshev polynomials, proposed by Kulfan [19] and Carpentieri [20] , can be more convenient for wingshape optimization. On this purpose, the software structure of the Wing-trunk HLP has been defined in such a way that the point-based airfoil generation module can be substituted with an analytical alternative, without affecting the rest of the HLP structure and functionalities (see section 3.3 for detail).
In case, a complex wing-like system is defined by the user (e.g. with multiple kinks and discontinuities in the dihedral angle across adjacent wing-trunks), the MMG will automatically take care of instantiating the required number of connection elements to obtain a smooth and water-tight wing surface. In fact, the connection-element HLP will automatically detect whether its presence is required and, in case, will compute its shape based on the geometry of the trunks to be blended (tangency conditions can be imposed).
For the generation of curves and surfaces, the MMG relies on the advanced capabilities of the proprietary CAD engine that is embedded in the employed KBE system (whereas the third-party PARASOLID kernel, also embedded, is used for solids definition and Boolean operations). The availability of an integrated internal CAD engine is possibly the biggest advantage of a KBE system when compared with any conventional programming environment. Indeed, the user is spared from the effort of developing a mathematical definition of surface and curves and manipulation operations such as intersections.
The underlying mathematical representation provided by the employed KBE system is based on the model presented in reference [21] , a common reference for CAD developers. All curves and surfaces are represented by the CAD engine of KBE system as piecewise parametric polynomials, although several convenient forms are made available to the user for defining them. These forms are the so-called Bforms, which encompass both Bezier and B-spline techniques, also in their NURBS generalization. Nearly all the curves and surfaces used for the definition of the HLPs are defined as cubic, although the employed KBE system allows higher degrees.
Apart from being smooth and well behaved, all the surfaces and curves generated by the MMG can be exported to any commercial CAD systems supporting either the IGES or the STEP interface. As a matter of fact, most of the pictures shown in this paper have been produced by importing the MMG-generated models into commercial CAD systems, such as Catia and NX, for rendering. The IGES and STEP interfaces can also be used to import externally defined geometry models inside the MMG. In this case, unlofting techniques would be required to re-parameterize those imported surfaces or to extract some of their input components, such as lofting curves and other construction features [22] .
Definition of the aircraft movables
In order to account for the effect of deflected control surfaces in the aerodynamic analysis of the overall aircraft, different modelling approaches have been developed in the MMG. Movable surfaces such as ailerons, rudders, elevators, and simple flaps can be defined in any wing-trunk primitive, with some level of flexibility concerning position and planform shape. The definition of complex leading and trailing edge high lift devices is currently work in progress.
The available level of modelling detail is simple (e.g. no gaps between movable and wing surface), but has proved adequate to compute aerodynamic loads and derivatives, both using simple panel codes, such as VSAERO, and higher fidelity aerodynamic tools, such as ENFLOW, the NLR proprietary CFD simulation tool [23] . In fact, when the goal is not computing the flow through the wing/movable gap or around the cut off area of the movable, but to obtain a reasonable estimation of the overall pressure distribution, it is a common practice to model lifting surfaces with deflected movables just as continuous surfaces. See Fig. 2 for the model of a regional jet with deflected elevators, as generated by the MMG and exported to ENFLOW for aerodynamic analysis.
A variant of this approach has specifically been developed to link the MMG with VSAERO. In this case, there is no actual surface deformation enforced by the MMG to model the deflected movables. A MAT-LAB pre-processing module, called COALA, has been developed to deflect the movable panels directly inside VSAERO. To do that, COALA reads an XML file dynamically generated by the MMG, containing the discretization of the whole aircraft geometry, plus information concerning position, planform shape and deflection angles of the various movables. The approach developed to enable the MMG-COALA-VSAERO link will further be addressed in section 3.2.2. More details concerning the application of this method for a BWB aircraft controllability study can be found in reference [24] . A third approach has been developed to support structure design and manufacturing studies of control movables in the preliminary design phase. A KBE application, called parametric movable model (PMM) has been developed by van der Laan and van Tooren [25] . The PMM is a type of MMG focussed on the design of aircraft movables. Although the PMM and the MMG are two separated KBE applications, they actually share a number of code modules. On the base of the movable definition provided by the user, the MMG cuts the undeflected wing surface around the movable boundaries (hinge line and side edges), and exports this trimmed surface to the PMM, along with other metadata and geometrical information (i.e. position of hinges). This information is then used by the PMM to generate a detailed model of the movable, whose shape is fully consistent with the master geometry produced by the MMG. For the structural analysis of the movable [26] , the aerodynamic loads can be extracted by the VSAERO model generated by the MMG-COALA system addressed above.
Definition of aircraft structure and systems
The definition of the HLPs is not just limited to the parametric description of the aerodynamic surfaces, but also includes the internal structure. Number, position, and orientation of main structural elements such as spars, rib, riblets, frames, stringers, and floors are defined parametrically. Therefore, it is possible to widely control and modify the structural configuration topology, just by feeding the MMG with different parameter values (also in this case all exposed in the MMG input file).
It should be noted that, while in optimization there is a clear distinction between parameters and variables, this distinction is not applicable for the MMG. Each attribute the designer can change to affect shape, configuration, or other information related to the product model is generally addressed as an MMG parameter. Only during the set-up of an optimization process, the designer will have to decide which of these parameters will be used as a variable by the optimizer, and which will be kept as a user-defined parameter for traditional parametric studies. Thereby, the large amount of parameters available to the user is just a measure of the MMG-modelling flexibility, and does not have a direct implication on the feasibility and complexity of the optimization problem for which the MMG is employed. Figure 3 shows the example of a possible wing-trunk structure configuration with the parametric definition of two ribs. Rib X is positioned on a plane that intersects Spar 1 at 50 per cent of the spar length and is oriented at 90 • with respect to the direction of Spar 2. Rib Y is positioned on a plane that passes through the root of Spar 2 (0 per cent of Spar 2 length) and is oriented at 90 • with respect to the same Spar 2.
A remarkable feature of the MMG is the associative definition of the internal structure with respect to the HLPs outer surface. That is, when the aerodynamic shape of the aircraft changes (e.g. because of the implementation of different airfoils or fuselage cross sections), the shape (and, in case, the topology) of the airframe automatically changes and adapts to the new mould line.
Apart from the outer shape and internal structure, the HLPs also offer the possibility to model the main aircraft systems (e.g. landing gears, APU, engines, and actuators), as needed both for structural analysis and for the weight and balance discipline. All these systems are modelled as simple sets of lumped masses, which is just adequate to the needs of conceptual/preliminary studies. While the value of the masses is an input that must be provided by the user, the MMG has some limited capabilities to scale those values when the geometry of the aircraft is varied. For instance, the deicing system mass is scaled linearly with the length of the wing and tail empennage leading edges.
In addition, the HLPs take care of the connectivity of the various aircraft systems by automating the generation of attachment links between the lumped Finally, Fig. 4 shows the UML class diagram of a BWB aircraft, generated using the HLP build up approach. See how the aircraft centre body, the wing, the fins, and winglets are all instantiations of the same wing-trunk primitive, where the user can define a different shape and structure layout.
Capability modules to capture process similarities
Quite independently from the aircraft concept under consideration, very similar analytical methods and tools are used eventually. As a matter of fact, preparing for analysis takes a very large part of the overall engineering design effort. Indeed, the set up of dedicated disciplinary models for diverse analytical tools (i.e. the pre-processing work), particularly when highfidelity tools are involved, requires going through long sequences of tedious and repetitive activities, which inevitably slow down the design process. However, a large part of these activities is very well suitable to be formalized into sets of generic rules and algorithms, which can be captured into KBE applications. After some knowledge acquisition sessions with discipline experts to elicit their working practice, tips, and tricks [27] , a number of so-called Capability Modules (CMs) has been programmed using the supplied KBE language. The CMs are classes with the peculiarity to encapsulate just procedural knowledge (i.e. they cannot be instantiated into geometric objects like the HLPs do), however, they have the capability to operate on the geometric data generated by the HLPs. Eventually, the CMs are able to automatically process the geometry of the various HLPs instantiations and support the preparation of the specific models required by the discipline tools. Figure 5 gives an impression of the CM functionalities to translate a given aircraft model into a set of different-but-consistent representations for various analytical tools [12] . Two of the most relevant CMs are SurfaceSplitter and PointsGenerator, which are used to transform the geometry of the HLPs in sets of meshable surfaces for finite element (FE) analysis and sets of points/panels to support the generation of aerodynamic models, respectively. More details are given in the subsequent sections.
The discipline-specific representations generated by the MMG can vary from sets of standard data exchange files, such as IGES and STEP, to customgenerated XML files, ASCII tables, etc. In principle, the KBE programming approach allows the user to define whatever the output form. This is the powerful feature that allows the MMG to communicate with a very broad range of external tools, both in-house developed and COTS.
CMs for structural analysis
One of the most time-consuming activities in the preparation of an FE analysis consists of model preprocessing. Prior to the generation of the structural grid, the whole aircraft geometry must be split into sets of meshable surfaces (i.e. surface elements with an adequate aspect ratio and skeweness, a maximum of four edges, each one matching with one and only one edge of the adjacent surface elements). The way FE experts manually perform this segmentation process has been translated in a set of formal rules and algorithms, eventually recorded into the SurfaceSplitter CM. Every time a new model for FE analysis is required, SurfaceSplitter enables the MMG to generate automatically a consistent set of meshable surfaces, whatever the shape and topology of the aircraft under consideration. Then a routine parses the whole aircraft product tree, collects the generated surface fragments, and exports them as a set of IGES files.
Fig. 5 Generation of dedicated models for various discipline analysis tools
At the same time, the MMG generates sets of look-up tables (called FEM tables) for each exported surface fragment, containing specific information such as material, thickness, attached non-structural masses, design-variable group, meshability information, etc.
Another software application has been written to drive PATRAN automating the last steps of the FE model generation (i.e. read the IGES files, map properties from the look-up tables, and generate the grid), and finally run the NASTRAN solver. More implementation details of the MMG-NASTRAN link are available in references [26] and [28] .
Other CMs have been developed to link the MMG to other structural analytical tools requiring, for example, a lumped masse and beam representation of the aircraft [29, 30] or a solid elements discretization to exploit an advanced p-element FE formulation [31] .
CMs for aerodynamic analysis
The PointsGenerator CM has been developed to support the MMG integration with external aerodynamic analysis tools, both COTS and in-house developed. Although the MMG is able to export generated geometry models using standard exchange formats such as IGES, STEP, or STL, many aerodynamic analytical tools (especially in-house developed ones) do not always support those standards, and rely on other custom formats such as ASCII tables of point coordinates. SurfaceSplitter is able to 'translate' the surface of any HLP instantiation into a so-called cloud of points. Through the MMG input file, it is possible to control the density of the cloud in terms of sections, points per section, local stretching, etc. The coordinates of the points can be tabulated as required by the recipient tool and transferred either through plain ASCII file or more structured XML files. At date, the cloud of points approach has successfully been used to define simple flat-panel discretization models for aeroelastic analysis [32] , to provide the mesh seeds for highfidelity analysis grids [33] , and panels definition for VSAERO [24] and another similar in-house developed panel code [34] . The cloud of points has also been used to support the automatic re-splining of the aircraft surfaces into the NLR proprietary CFD system ENFLOW [23] .
As anticipated in section 3.1.2, a seamless integration of the MMG with the commercial panel code VSAERO is currently in place. The contributions of the MMG and COALA (the above-mentioned MATLAB application) to the automatic operation of VSAERO can be illustrated as follows (Fig. 6 ). test cases for batch analysis (when test cases consist of analysis for different movable deflections, COALA takes care of deflecting the relative movables panels, without the need to go back to the MMG). 6. Analysis results are automatically post-processed (e.g. aerodynamic and control derivatives are computed) by COALA and stored as aero data sets for FMM [24] , a in-house developed flight mechanics package for the assessment of aircraft performances and handling qualities.
HLPs and CMs: modular architecture of the MMG
The software architecture of the system of HLP and CMs is illustrated by the UML class diagram in Fig. 7  (for Fig. 7 , as well. The diagram also shows the links between some CMs and (the components of ) the HLPs. The SurfaceSplitter CM, responsible for transforming the geometry of an aircraft into sets of meshable surfaces for FE analysis [28] , is 'linked' to the Skin, Rib, and Spar classes. The PointsGenerator CM, responsible to transform the outer surface of an aircraft into clouds of points to support aerodynamic analysis [12, 24] , is 'linked' to WingTrunkSurface and ConnectionSurface.
Both the modular architecture of the HLPs and the definition of the CMs as 'engineering service providers' for the HLPs represent essential factors for the flexibility, maintainability, and scalability of the MMG system. For example, new structure generation modules can be added to work with the existing outer surface generation modules, and vice versa. Specific HLP features can be modified and improved, without the typical problems associated with debugging one large monolithic code. Eventually, new CMs can be added to support different analytical tools.
To give a better insight of the basic architecture of a KBE application like the MMG and show the way different classes and aggregation of classes (like HLPs and CMs) can be defined and interact, a sample from a fictitious KBE code is illustrated in Fig. 8 . The hypothetical class conventional-aircraft is defined by means of the macro defpart, provided by the KBE system at hand [13, 15] . Next to the class name, there is the so-called mixin list (i.e. a list of other classes (aircraft and cost-estimation-module in the present study) from which conventional-aircraft inherits [35] ). It means that all the attributes and methods of these two classes become ready available to conventional-aircraft. In this example, costestimation-module represents a hypothetical CM, containing generic cost calculation procedures. By including it in the Conventional-aircraft mixin list, any conventional-aircraft instantiation will inherit the capability of computing its cost, using the costestimation-module CM procedures. Figure 8 also shows (read below the keyword parts) that conventional-aircraft is actually an aggregation of three classes. That is, any instantiation of conventional-aircraft will be composed of the three objects such as fuselage, tail, and wing, which, in turn, are instantiations of the classes such as cylinder, winggenerator, and T-tail, respectively (actually, in this example, the type of tail object is evaluated dynamically, based on the evaluation of an IF-THEN rule). Although not shown in the example, clearly, this KBE application must contain the definitions of the defparts wing-generator, t-tail, and cylinder, as well. The defpart wing-generator will have as parts a number of instantiations of wing-trunk and Connection-element HLPs discussed in the study! Also, note the last part in the example, called aircraft-c.o.g. This is the instantiation of the class centre-of-gravity (c.o.g.)-estimationmodule, which is another hypothetical CM, where the knowledge required for computing the c.o.g. of a generic body system is stored. As result, any instantiation of conventional-aircraft will be able to use that knowledge to compute its own c.o.g.
Functionality and operation of the MMG
The MMG works similarly to a classical KBE application [12, 14] . In the present study, the core of the product model consists of the various HLPs and CMs definitions, plus a light layer of code to organize them in a proper structure. All the main parameter values (those used to define the various HLP instantiations) are exposed in a large input file, the so called MMG input file, which the designer can edit to generate the aircraft concept that he/she has in mind.
The user can operate the MMG both in interactive and batch mode. In the first case, the user can make use of the KBE system user interface to modify parameter values and inspect the automatically generated aircraft models. The user interface can also be used to trigger the generation of the specific discipline models that are required to support the multidisciplinary analysis at hand. In the moment that a specific discipline model is requested (and only in that moment), the MMG generates first an aircraft instance (according to the parameter values indicated in the MMG Fig. 8 Example of a fictive aircraft modelling KBE application input file) and then extracts and processes all the data from this instance that are required to generate the requested discipline model. The needed type and the amount of HLPs and CMs are instantiated automatically and transparently to the user, to produce the required output. In KBE parlance, all this is called generative modelling.
Anytime the designer provides a different set of aircraft parameters values, the MMG (re)applies systematically all the design procedures recorded in its product model (i.e. (re)use the captured product and process knowledge) and propagates automatically the configuration changes to all the output models for the various analytical tools. If the designer changes the length of the wing in the MMG input file, for example, such modification is automatically reflected in the generation of the outer surface model for aerodynamic analysis, as well as in the models for structural analysis and in the mould models used for tooling design [25] .
The MMG can also be used in batch mode, which means the whole generative process can be performed without starting the MMG GUI, but just launching the KBE application from the command line. In this case, the designer will have specified through the MMG input file, also the list of discipline models required as output.
The batch mode is possibly the most interesting way of operating the MMG: even non-geographically collocated users, not only human operators but also other software tools like an optimizer, can submit their edited version of the input file and launch the MMG. In this way, the MMG becomes a real enabler for a distributed MDO approach.
THE ROLE OF THE MMG IN DISTRIBUTED MDO PROCESSES: AN APPLICATION EXAMPLE
A successful validation case of the MMG concept is provided by the European project MOB on MDO of BWB aircraft configurations [36] . The focus of the project was mainly on the development of a modular framework for distributed design and optimization rather than on the quality and detail of the BWB design itself. The selected configuration was ideally suited to function as driving scenario due to its inherent strong couplings between disciplines. Besides, the lack of reference data and experience made the use of design handbook methods impractical and increased the need of data from physics-based analytical models.
The baseline design of a 300 t BWB freighter, with a span of 80 m, a payload capacity of 113 t on two cargo decks, a cruise speed of 0.85 M and a range reach of 11 000 km, was provided by Cranfield University and Saab Aerospace. A multi-level, multi-fidelity distributed MDO system was put in place to optimize the baseline aircraft for a maximum range, while maintaining payload capacity, and guarantying inherent stability and controllability. Indeed, the baseline aircraft configuration revealed not controllable longitudinally and directionally instable.
The main disciplines involved in the optimization exercise were aerodynamics, structure, flight mechanics, and aeroelasticity. For the aerodynamic analysis, a range of tools have been employed, including simple panel codes, Euler codes and, in a limited extent, full Navier-Stokes methods to predict the aircraft maximum lift coefficient and stall angle. Concerning the structure analysis, simple bending beam theory has been used for preliminary weight estimation, whereas full-blown FEM-based optimization techniques, including aeroelastic constraints, have been used for a more detailed sizing of the various structural components. For the flight mechanics, basic stability and control analysis methods have been used to assess the stability and control. A system of trim tanks with fuel transfer scheduler has been developed on purpose. Handling qualities in a closed loop have been addressed as well, including pilot response at the simulator.
The multilevel optimization process was based on a global level loop where only few design parameters (wing thickness, twist and sweep, fuselage length, and camber) were used to affect all the disciplines, and a local level loop for the aircraft structural design, where several hundred groups of FE element thicknesses were used as design variables.
Concerning the optimization techniques, a response surface strategy was used for the global level. That choice was suggested by the unavailability of sensitivity information and the opportunity of running parallel computations. Besides, response surfaces are an excellent means to visualize trade-offs, at least when the number of variables is limited. Gradientbased techniques were used instead, for the local optimization level, where sensitivity information was available and the number of variables was very large [23] .
The role of the MMG was pivotal in the set up of the complex and distributed MOB computational framework. Starting from the unique definition of a BWB aircraft configuration, the MMG was able to extract, in full automation, sets of different, yet coherent sub-models, tailored to the broad range of analytical tools, both COTS and in-house developed, operated by partners from industry and academia ( Fig. 9) . A software communication framework was in charge to send instructions to the MMG (for batch operation) and distribute the generated models through web connections.
Fig. 9
Role of the MMG within the MOB distributed MDO framework. The MMG provides dedicated models to a large set of distributed analysis tools, both low-and high-fidelity, in-house developed, and commercial of-the-shelf
The MMG-delivered models for both low-and highfidelity aerodynamic models, 2-D planform models for aeroelastic analysis, structural models for FEM analysis (including the definition of the design variable groups for the local optimization), and the fuel tanks and non-structural masses distribution for the weight and balance assessment. The MMG has also provided the capability to focus on a specific structural detail of the aircraft, such as a door cut-out, to support a further level of local optimization.
Once the MOB computational framework was in place, more than 50 aircraft variants have been evaluated, by means of both low-and high-fidelity tools, totally hands off, running on a number of computers distributed across the multinational consortium. All the computations have been performed in the time frame of just a couple of days, whereas they would have taken months without the use of such a design and optimization framework.
The results of the optimization process were presented to the design team in the form of response surfaces, providing the designers important insights about the effect of the various optimization parameters on the aircraft performance ( Fig. 10) . A more negative wing twist and a shorter fuselage length with increased camber resulted in the necessity to restore controllability. However, they had a negative impact on the range, which was reduced to 9900 km. A trim tank system was also necessary, as well as a full leading edge slat for low-speed operation. Eventually, the aircraft resulted directionally instable, such that, in a later stage of the project, a BWB variant with vertical fins was considered (with further negative consequences on the expected aerodynamic efficiency). Apparently the traditional handbook methods employed for the baseline design were not able to deliver a feasible BWB aircraft and predicted too optimistic performances.
In references [24] , [25] , and [29] , other study cases are described, where the MMG has been used, respectively, to support the redesign of a large passenger aircraft vertical tail, the automated structural analysis of aircraft movables, and the controllability study of a BWB aircraft, based on the MOB experience.
CONCLUSION
In order to meet the challenges of future aviation, new tools and methodologies are required to support the transition of MDO from an interesting research topic to a consolidated design technology at industrial level. The advanced modelling system described in this paper aims at tackling some of the urgent problems that hamper the exploitation of MDO in large distributed design frameworks. The use of KBE allows capturing design knowledge and best practices in software application for design automation. In particular, most of the repetitive activities slowing down the design verification process can be automated, giving designers the time to investigate more what-if 's and exploit their creativity. The HLP and CM approach described in the paper allows the generation of many different aircraft configurations and variants and their swift translation in dedicated models for both highand low-fidelity analytical tools, either in-house developed or COTS. Besides, the MMG capability to be operated in batch offers the possibility to exploit it in real distributed design and optimization environment, as demonstrated at international scale by the MOB project. This project has also highlighted the need of advanced computational frameworks to address the design of novel configurations such as blended wing bodies. The inherent strong disciplines couplings of these advanced configurations, together with the lack of reference data, make the use of traditional design methods less effective and stem for an earlier deployment of high-fidelity analytical tools.
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